Cellulose was produced heterotrophically from different carbon substrates by carrot tissue cultures and Acetobacer xyliaum (a celluloseproducing bacterium) and by castor bean seeds germinated in the dark, in each case in the presence of water having known concentrations of oxygen-18 ("I). We used the relationship between the amount of "'0 in the water and in the cellulose that was synthesized to determine the number and "0 content of the substrate oxygens that exchanged with water during the reactions leading to cellulose synthesis. Our observations support the hypothesis that oxygen isotope ratios of plant cellulose are determined by isotopic exchange occurring during hydration of carbonyl groups of the intermediates of cellulose synthesis.
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The relationship between the stable oxygen isotope ratios of cellulose and the water used in its synthesis is relatively constant. Previous measurements showed that the 6'8O values (see "Materials and Methods" for definition of 5180 values) of cellulose are 27 ± 3%oo higher than the water at the site of cellulose synthesis (1, 3, 9) . The same relationship has also been observed in tunicates (1) , which are heterotrophic cellulose-producing organisms. Oxygen isotope ratios ofcellulose, in contrast to those of carbon and nonexchangeable hydrogen, are not affected by the photosynthetic mode utilized by a plant (10, 11) .
Two models have been advanced to explain the relationship between the P180 values of cellulose and water in plants. In the first (3), it was assumed that two-thirds of the oxygen entering into the Calvin cycle is derived from CO2 that is in isotopic equilibrium with leafwater, with the remaining one-third coming from the leaf water. This model also involves the assumption that after oxygen atoms from CO2 and H20 are incorporated into 3-phosphoglyceric acid, they do not undergo isotopic exchange with leaf water as they pass along the pathway leading to cellulose synthesis. The oxygen isotope ratio ofcellulose can then be expressed by the equation '80(CELL) = (2Y3J*5'80(COJ) + (['31*6'8O[H20]) (1) where V80(CELL) is the b180 value ofcellulose, 5 (5) . The growth media were prepared with waters having several 6180 values and autoclaved. Cultures were grown for about 2 months, after which water from the callus tissues was extracted under vacuum as described previously (11) and reserved for isotopic analysis. Cellulose from the desiccated callus was then prepared for isotopic analysis as described elsewhere (1) .
Acetobacter xylinum was grown as described by Schramm and Hestrin (8) . Growth media with waters having several 6180 values were prepared and autoclaved. After growth periods of about 2 weeks, liquid medium was collected by decantation, poisoned with mercuric chloride, and reserved for isotopic analysis. Cellulosic pellicles were desiccated and cellulose extracted as described previously (1) .
Castor bean seeds were peeled, surface sterilized, and germinated in Erlenmeyer flasks with 75 ml of sterilized 1.3% agar solutions with waters having different 6180 values. After 14 d, water from the agar of each culture was extracted by vacuum distillation and saved for isotopic analysis. Cellulose for oxygen isotope determination was extracted from the germinated seedlings (1) .
Oxygen isotope ratios of water were determined by the CO2 equilibration method (2) , while those of cellulose and other organic substrates were determined following pyrolysis with mercuric chloride (3 of glycerol and sucrose autoclaved in water with different isotope ratios, but some exchange did occur with glucose (Table 1) . However, the exchange that occurred during autoclaving of glucose represents exchange between the carbonyl oxygen of the second carbon and water and thus would occur in vivo as well (Fig. 4) The results of the calculations described above, given in Table  II , can be used to test two aspects of the carbonyl hydration model. The first is whether or not the observed exchange of carbonyl oxygens with water is similar to that expected for a given substrate and its subsequent intermediates in the pathway leading to cellulose synthesis. The second is whether or not the carbonyl oxygens that exchange with water have 680 values 27%o higher than the water with which they exchanged, as predicted by the carbonyl hydration model.
The amount of exchange expected for a particular substrate can be determined by counting how many of its oxygen atoms pass through carbonyl positions, the only oxygen-containing moieties that exchange under physiological conditions (7), during the pathway leading to cellulose. We did this by following the fate of each oxygen during the reactions shown in Figure 4 . For glycerol, the oxygen attached to the middle carbon will become a carbonyl oxygen when glycerol is converted to dihydroxyacetone phosphate. Dihydroxyacetone phosphate will then be converted to glyceraldehyde 3-phosphate, and the oxygen attached to the first carbon will become a carbonyl oxygen. Thus, two out of three oxygens in glycerol can exchange with water. We assumed for the calculation of potentially exchangeable oxygens in glucose that glucose and fructose are in rapid equilibration with each other. For the synthesis of cellulose from glucose there are two exchangeable carbonyl oxygens (out of six total); one is on the first carbon of glucose and the other on the second carbon when glucose is converted to fructose. For sucrose, in addition to the four carbonyl oxygens (two for glucose and two for fructose), there is one oxygen that comes from water when sucrose enters the pathway at the monosaccharide level, making 5 of 11 oxygens potentially exchangeable. The results of our analysis, presented in Table II , indicate a good agreement between the predicted exchange based on carbonyl oxygen counts and that we calculated from our experimental observations. Our calculation ofthe fractionation factor for the exchangeable oxygens for glycerol is in good agreement with that which would be necessary to make the 6180 values of cellulose 27%o higher than that of water at the site of synthesis (Table II) . For sucrose and glucose, however, the fractionation factor is substantially less than the required 27%o. Based on consideration of the pathways by which oxygen from glycerol, glucose, and sucrose reach cellulose (Fig. 4) , we propose that the oxygens of glycerol that pass through carbonyl positions reach isotopic equilibrium with water, while those of the sugars, which enter the pathway to cellulose after those from glycerol, do not. The time required for the carbonyl oxygens of the various intermediates in the cellulose pathway to reach isotopic equilibrium with water are not known. However, 50% of the oxygen in dihydroxyacetone phosphate exchanges with water and reaches isotopic equilibrium in less thanr 10 s, while half-equilibration of the carbonyl oxygens of fructose 6-P and fructose 1,6-diP takes 166 min and 29.5 min, respectively (4, 6) . If the times required to reach isotopic equilibrium are of the same order of magnitude as the in vitro halfequilibration times, it seems likely that oxygens entering from glpcose or sucrose will not reach, equilibrium with water before they are transformed into chemical moieties (e.g. hydroxyl groups) that do not exchange with water under physiological conditions (7) . Further study of the in vivo residence time of oxygen in carbonyl positions of the various intermediates shown in Figure 4 will be necessary to verify this explanation of the discrepancy between the fractionation factors observed for glucose and sucrose (Table II) Figure 3 
